means for building more complex, directional nanostructures sequentially, (18, 19) and their broken symmetry leads to optical and electronic properties distinct from their spherical counterparts, including polarized emission (20) and enhanced absorption and charge transport. (21) Exploring sublimation provides insight into facet stability and the influence of surface ligands on these anisotropic nanostructures. Here, we study the sublimation of one such model system, CdSe nanorods. In this work, we present direct imaging of sublimation in CdSe nanorods under vacuum at a series of temperatures below and above the bulk transition temperature. At the TEM column pressures of 10 -7 Torr, the sublimation point is predicted to be 389 ± 5 °C; (22) we studied sublimation at 370, 390, 420, and 450 °C. Colloidal CdSe nanorods with a wurtzite crystallographic structure were synthesized following methods established in the literature. The tetradecylphosphonate surfactant retards growth on the nonpolar (101̅ 0) and (112̅ 0) facets; therefore, growth occurs along the c-axis that is parallel or antiparallel to the [0001] direction. (23) A dilute solution of nanorods dispersed in toluene was drop-casted onto a commercially available, low thermal drift TEM grid and, sublimation of these nanostructures was recorded. The temperature ramp rate for these grid was 10 6 °C/s, permitting virtually isothermal heating conditions. Videos of CdSe nanorod sublimation at 370, 390, 420, and 450 °C can be found in Videos S1-S4, and selected frames can be found in Figure S1 in the Supporting Information (SI). Nanorod sublimation proceeded anisotropically from the ends along the c-axis of the wurtzite crystal structure. We identify the observed phenomena as sublimation because no remnant of a solid, which would manifest as massthickness contrast in the TEM image, formed upon the cooling substrate. CdSe nanorod sublimation dynamics at 370 °C is represented in Figure 1 , which contains four video frames from Video S1 SI. The bottom row of images of Figure  1 are digitally processed images complementary to the top row to aid in visualizing sublimation progress. The images in Figure 1 show that the nanorods decrease in length due to sublimation, which initiates at the tips and continues along the length of the particle. At this low temperature, mass loss occurred from both ends of the nanorods. At higher temperatures, sublimation occurred exclusively from one end of the nanorod. Figure 2 shows this effect at 450 °C. Qualitative image maps with initial nanorod profiles at t = 0 s shown as dotted outlines and profiles at the specified time shown as a solid fill. The scale bar is 10 nm. At the lowest temperature, 370 °C, nanorod sublimation occurred at a temperature below the predicted bulk sublimation point at the TEM column pressures. Sublimation at this temperature would only initiate after imaging a given field of view. This e-beam phase change induction was not observed at higher temperatures. For example, partially sublimed nanorods are seen at the start of the videos at the higher temperatures but not at the lowest. At all observed temperatures, nanorods generally sublimed anisotropically, losing mass along the c-axis until the particle reached 2-3 nm in length measured along the c-axis. Before reaching this transition size, the rod diameter did not change within resolution limits. Upon reaching this transition size, the sublimation direction changed from the c-axis to the ab-axes and quickly proceeded from one side of the nanorod until no crystal remained. Our analysis will be confined to what happens above this transition size because below the transition, it is difficult to quantify the size of the residual nanocrystals. To quantify the sublimation dynamics above the transition size, we measured the dimensions of four nanorods at each temperature throughout the videos that are identified in Figure  S2 (SI). Because nanorod widths did not change within resolution limits of the data up until the transition point, we used the rate of linear length decrease along the c-axis of the nanorod to calculate mass loss; see Figure S3 (SI) for a schematic of our measurement method. The average sublimation rate increased with temperature, as shown in Figure 3 . Uncertainty in the rate of sublimation from individual nanorods precludes us from demonstrating if the sublimation follows Arrhenius kinetics and from obtaining an accurate activation energy. Variations in the pattern of sublimation at low and high temperatures could be seen very clearly, however. Average sublimation rate along the c-axis direction for four nanorods at different temperatures. Rates were averaged from both ends during the entire phase change for each nanorod; error bars represent the standard deviation. Black "X" markers and the dashed line indicate the average rate for all nanorods at all times for each temperature. The sublimation rate from the nanorod ends is not always continuous and is strongly dependent on temperature. There are two distinct behaviors, (1) noncontinuous, punctuated sublimation from both ends at low temperatures, and (2) continuous sublimation from one end at high temperatures. The intermediate temperatures exhibited a mixture of these modes. Noncontinuous behavior is defined by sporadic pauses occurring locally at a single nanorod end during the course of sublimation. Figure 1 shows that all nanorods sublime from both ends at 370 °C. By 450 °C, the sublimation only proceeds from one end of the nanorod, as seen in Figure 2 . This is accompanied by an increased rate of mass loss established in Figure 3 . Figure 4 reports the cumulative length sublimed from each end of the four measured nanorods at their respective temperatures using the same methodology as that established above. Figure S2 (SI), which also correspond to colors in Figure 2 . The two ends are differentiated by the solid (end closer to the top of the frame) and dashed lines (end closer to the bottom of the frame) in the orientation in Figure S2 (SI). During sublimation, the solid interface at the nanorod end, or the sublimation front, rocked back and forth as mass vaporized. This interface is defined as a difference in contrast between the nanocrystal and the substrate spanning the width of the nanorod at each tip. As a given sublimation front progressed along the length of the particle, the interface made an angle greater or less than the normal with the c-axis. One side of the front might progress while the opposite remains stationary and appears "pinned", creating an angle with the c-axis normal. The active front exhibiting this behavior would switch from side to side, creating a rocking or seesaw appearance. This was observed at all temperatures. At the lower temperatures, both sides of the sublimation front would sometimes periodically halt, sometimes ending in what appeared to be a pristine facet from the TEM image. The single particle in situ electron microscopy sublimation studies shown here enable us to see phenomena that would be entirely obscured in ensemble studies. Here, there are two rather surprising observations; on the one hand, sublimation is punctuated but proceeds from both ends of the rods at low temperature, while on the other, sublimation is continuous but occurs from only one end of a rod at higher temperature. While these observations beg for a clear mechanistic explanation, the fact is that the in situ TEM employed here has limitations that allow us, for the time being only, to provide competing viewpoints that will require further exploration to distinguish between. In what follows, we first present a mechanism that relies solely upon what we know about the idealized intrinsic material comprising the nanocrystals as synthesized. This is followed by a more complex explanation that relies upon nonideal changes in the surface species bound to the nanoparticles induced by the electron beam. Both perspectives focus on elucidating how the kinetic barrier of a desorbing surface species-the rate limiting step-is modified by its coordinating environment. A more complete picture of the sublimation process that distinguishes between these two classes of explanations, ideal and nonideal, or that even involves a combination of the two must await a new technique that enables simultaneous observation of the surface species on the nanocrystal while it is under observation in the microscope. To understand the idealized mechanism of CdSe nanorods, we first explore sublimation in an ideal crystal lattice model. Past mechanistic insights on sublimation in bulk II-VI compounds invoke the terrace-ledge-kink model (TLK) of solid surfaces. The sublimation reaction begins when a CdSe unit moves from a terrace to a ledge site and then to a kink site where it dissociates into neutral adsorbates via charge transfer followed by desorption. (24) (25) (26) (27) This series of reactions is reversible and in the opposite direction provides a description of crystal growth. There is disagreement in the literature on whether charge transfer or desorption is the rate-limiting step for cadmium chalcogenides. (24) (25) (26) (27) (28) (29) (30) In the context of CdSe nanorod sublimation, we consider a simplified reaction mechanism in which understanding what influences the activation barrier of the rate-limiting step-either charge transfer or desorption-is key to understanding the observed sublimation behavior. Below, we will discuss how the coordination environment of the surface CdSe unit may affect this activation barrier. In a pure CdSe crystal, the rate-limiting step is slow when the surface unit has a high coordination number, such as a site on a pristine facet or a terrace in the TLK model, compared to a low coordination site, such as a kink. Past investigations in bulk crystals found that the limiting step occurred fastest at a kink site. (24) (25) (26) (27) (28) (29) (30) Mass loss is expected to be faster from a surface with a large population of kink sites and slower from a surface populated with ledges and terraces. When the crystal is less than ideal, defects may also play an important role in sublimation by reducing the activation energy of sublimation. For example, a higher concentration of vacancies increases the probability of lowercoordinated CdSe units, while twinning and stacking faults produce strain in a lattice, reducing the bonding energy with adjacent atoms. We add a level of complexity to this model crystal by considering an ideal ligand shell. Nanorods are distinct from bulk crystals by possessing a high ratio of surface to interior atoms, which are subject to coordination to other molecules such as ligands. Because it has been established that the coordination environment of surface species determines the sublimation rate, we must explore how binding to these other species influences the kinetic barrier. First-principles calculations of the relative surface energies of ligand-passivated facets show that the polar {0001} facets of a bare CdSe nanorod with a relaxed and reconstructed surface have a higher surface energy compared to the nonpolar sides. (31) (32) (33) Coordinating the wurtzite CdSe surfaces with methyl phosphonic acid-a ligand similar to the species in our system-further increased the stability of the nonpolar sides relative to the tips; the former were shown to be most stable upon ligand passivation. (32) (33) (34) (35) (36) In view of the factors above that can influence the kinetic barrier to sublimation, we first propose an idealized mechanism for the observed phase transition behavior. Sublimation initiates when a CdSe unit positioned at a high-energy surface site on the nanorod end undergoes charge transfer and desorbs. We suspect that this occurs at a site that is not coordinated by a surface ligand as calculations show methylphosphonic acid does not completely passivate the polar end facets.(32) The departure of this initial unit produces lower coordinated sites such as kinks, which will sublime, yielding additional kinks and ultimately leading to a surface rich in kinks; this is a nucleation event in the phase transition. At 370 °C, sublimation was observed at a temperature below the predicted bulk transition point. The electron beam played a role in initiating sublimation because the phase transformation initiated only after illumination. Incident electrons can transfer kinetic energy, resulting in sample heating, or simply increase charge concentration in CdSe, therefore promoting charge transfer between the heteroatoms. (11, 14, 26, 37) Depending on the nature of the rate-limiting step, both effects assist in overcoming a potential barrier for the phase change and lead to sublimation below the predicted bulk transition point. We cannot rule out phase transition size effects, such as the melting point suppression in spherical CdS nanocrystals. (38) However, the depression of the melting temperature is less pronounced in asymmetrical structures such as nanowires. (39, 40) Once sublimation is induced at the nanorod tip, the mass loss continues along the c-axis of the nanorods at an interface rich in kink sites. This behavior is consistent with the calculations discussed above; the nonpolar facets that comprised the nanorod sides are greatly stabilized by coordination with the ligands compared to the ends, favoring mass loss along the c-axis. This anisotropic behavior corroborates past experimental observations of sublimation from single crystals. In CdSe/CdS octapods, the CdS arms sublimed along the caxis. (41) In bulk wurtzite CdS, sublimation from the bulk (0001) face was found to be faster than the nonpolar (101̅ 0) face but only by a factor of less than two. (42) In rocksalt PbS nanocrystals, sublimation occurred faster from the polar {111} facets than the nonpolar {001} surfaces, and ligand passivation was suggested to play a role. (8) The strong ligand stabilization of the side atoms is also likely responsible for the "pinning" of the side atoms that results in the rocking behavior of the sublimation fronts as well as post-transition size sublimation behavior. In both cases, cadmium phosphonate strongly bonds to the CdSe units on the nonpolar facets, increasing the barrier to sublimation. A similar behavior was observed directly in the TEM in silver cubes (sides ∼100 nm); surface interaction by the polymer ligand shell influences the facet order of sublimation. (10) A mechanism based upon an idealized nanorod-ligand model can be invoked to describe the two sublimation behaviors. Whether a phase change occurs from both or one end is dependent on temperature, but other factors such as ligand surface pinning at the nanorod tips and the asymmetry of the crystal may also play a role. At the higher temperature, the sublimation still initiates from the nanorod end. If the potential barrier imposed by the ligand is not as strongly influenced by temperature as sublimation, then it is possible that at the highest temperatures, once the phase change is initiated at one end, the sublimation rate is so rapid that the rod vaporizes before the opposite rod end can nucleate. The asymmetry in the nanorod may exacerbate this effect. For instance, the calculations mentioned above revealed that the (0001̅ ) face prefers no ligand passivation and is less stable than the opposite (0001), which maintains partial passivation. (32, 33) Furthermore, the wurtzite CdSe crystal lacks an inversion center along the c-axis, creating two different bonding environments for atoms at the (0001) and (0001̅ ); on an unreconstructed surface, cadmiums bond to three selenium atoms on the (0001) surface but have only one bond on the (0001̅ ) face. In fact, past investigations suggest that the [0001̅ ] is the direction of growth.(28-30, 43) If this applies to sublimation, than we expect mass loss to occur faster in this direction. However, we cannot distinguish between the two facets within the resolution of our images. The punctuated versus continuous sublimation behavior observed can be explained by the perturbation of the kinetic barrier of the surface CdSe units. Similar nonuniform sublimation behavior was observed in silver and PbS nanocrystals. (8, 11) Van Huis et al. attributed pauses in PbS to the stochastic nature of microscopic processes and ligand passivation of particular facets. (8) Asoro et al. suggested a mechanism whereby the nanocrystal fractures along a low-energy facet create a small fragment that then rapidly vaporizes due to its large surface area. (8, 11) Because of the limits of our frame rate and image resolution, we cannot assess if the latter process applies. One might suspect that the pauses observed at the lower temperatures may be induced by local cooling below the transition point due to the latent heat of sublimation and thus temporarily decrease the sublimation rate. However, the speed of sound in CdSe is 1.5-3.8 × 10 7 m/s, which prevents thermal gradients at these length scales. (44) Invoking our idealized nanocrystal model, we propose a mechanism whereby the punctuated and uniform sublimation rates observed at lower and higher temperature are controlled by the coordination of the surface CdSe units. In an ideal CdSe nanorod end free of surface ligand, the sublimation rate is fast from a surface populated with low coordination sites such as kinks and slow from one dominated by low coordination sites such as ledges or terraces. A clean {0001} facet will cause the rate to "freeze" momentarily until a kink site is nucleated.
Sublimation appears punctuated at low temperatures as the nanorod ends fluctuate between large populations of low coordination sites and high coordination sites and can even pause at the kink-free facet. Temporary basal plane facets can been seen at the nanorod ends at 370 °C in Video S1 (SI); rod A exhibits a sustained {0001} plane at t = 8 s (video time ≈ 105 s real time). In the high-temperature regime, only kink sites exist or are easily generated by surface diffusion, and mass loss is continuous. This is consistent with the images that show rounded nanorod tips and the lack of any basal planes at high temperatures. Defects may contribute to the punctuated behavior of the lowtemperature regime. As an advancing front encounters defects, sublimation proceeds quickly as these sites have a reduced kinetic barrier. However, we are unable to confirm the presence of defects in our samples due to resolution limits. An equally plausible mechanism based upon nonideal changes in the surface species offers an alternative description of the two sublimation behaviors. When running an in situ experiment inside of the TEM, we must be cognizant of the ebeam effects. High-energy dosages lead to decomposition of the ligand shell and the presence of other unknown contaminants in the column that can modify the nanorod surface and influence the kinetic barrier to sublimation. The presence of a lighter-contrast footprint of the nanorod remained after sublimation, which is indicative of organic deposition. A similar shell was observed in the sublimation of CdS/CdSe octopods and silver cubes. (10, 41) Besides ligands, other species can adsorb to the nanocrystal surface and inhibit the sublimation rate. These species are most likely carbon, but unknown TEM column contaminants from previous experiments cannot be definitively ruled out. The ligand alkyl chains or carbon support can decompose, vaporize, and redeposit as amorphous carbon on the nanorods. Furthermore, alkyl chains have been reported to cross-link under electron beam radiation, which would convert the ligands into stronger-binding, multidentate species. (45) (46) (47) We suspect that a carbon shell exists around nanorods in our experiments, and further, this shell need not arise from crosslinking of ligands. Past investigations report that the deposition of polymerized pump oils used in diffusion pumps leads to sublimation retardation in bulk CdS crystals. (42) A sublimation mechanism based upon nonideal conditions within the TEM can offer a competing viewpoint to the ideal model. Contaminants deposited on the nanorod surface would increase the kinetic barrier of the rate-limiting step, which could potentially reduce the rate of mass loss from the tips. At lower temperatures, it is possible that the sublimation rate may be similar to the contaminant deposition rate. If this is correct, then the sublimation front would pause when contaminants deposit and then continue after the surface "unpins" from the contaminant via nucleation or desorption of the foreign species. At higher temperatures, sublimation might occur much faster than deposition, resulting in continuous mass loss. Clearly, further experiments are needed to test this hypothesis. We observed that CdSe nanorods sublime anisotropically along the direction of the least stable facet. The sublimation rate, measured along the c-axis, increased with temperature. Two distinct behaviors of sublimation were discovered, noncontinuous from both ends at lower temperatures and continuous from one end at higher temperatures. A mechanism that considers the coordination environment of the surface species is explained using two nanocrystal models, ideal and nondeal, that can potentially account for these results, and further experiments are needed to explain these surprising sublimation observations. Supporting Information Sublimation temperature calculation, Figures S1-S4 in PDF form; Videos S1-S4 are separate AVI files. This material is available free of charge via the Internet at http://pubs.acs.org. ⊥Author Contributions K.M. and B.J.B. contributed equally to this work. The authors declare no competing financial interest.
•
